The phase behavior of dimerizing ͑associating͒ rigid particles is studied by both theory and computer simulation. The model molecule comprises a hard spherocylinder of length L and diameter D with a terminal square well bonding site embedded in one of the hemispherical caps. This model mimics the properties of simple hydrogen bonding mesogens; for example, mesogens with a carboxylic acid end group which are capable of forming dimers. A recently proposed theory of the isotropic ͑I͒-nematic ͑N͒ phase transition for long hard spherocylinders with an attractive site at one end ͓R. P. Sear and G. Jackson, Mol. Phys. 82, 473 ͑1994͔͒ is extended to shorter molecules. In the original theory the free energy is truncated at the level of the second virial coefficient. We now include the higher virial coefficients in an approximate manner with a Parsons type scaling. The accuracy of the theory is demonstrated by comparison with novel Monte Carlo simulation data for the same model. Excellent agreement is found for densities, pressures and degrees of association especially at the liquid crystalline phase transition. In comparing the results for the L/Dϭ5 associating system with those for its nonassociating analogue, the nematic phase is seen to be stabilized relative to the isotropic phase, while the nematic ͑N͒-smectic-A ͑SmA͒ transition occurs at approximately the same density. The I-N transition for the dimerizing system is clearly first order, while the N-SmA is essentially continuous. The smectic-A phase has a monolayer structure which is similar to that formed by the nonassociating system. Furthermore, a system of otherwise nonmesogenic molecules with L/Dϭ3 has a stable liquid crystal phase when dimerization is made possible with the inclusion of the terminal bonding sites. Rather than being a nematic phase, this phase is surprisingly found to have the layered structure of a smectic-A phase. We discuss our results in terms of the increase in the 'effective' aspect ratio as a result of association. © 1997 American Institute of Physics. ͓S0021-9606͑97͒50115-2͔
I. INTRODUCTION
Hydrogen bonding is one of the most important interactions found in nature to mediate and regulate molecular aggregation. The helical shape of the DNA molecule and its particular abilities of molecular recognition are principally determined by hydrogen bonding interactions; a protein's structure is held together by hydrogen bonds, and hydrogen bonding also plays an important role in the aggregation of molecules in cell membranes. An important subclass of liquid crystal forming substances comprises molecules which can hydrogen bond to form dimers. The crucial role played by hydrogen bonding in the existence of liquid crystalline phases for systems of alkyl and alkyloxy-benzoic acids has been known for some time. [1] [2] [3] The associated dimer with the bond directed along the long axis of the molecule is considered the primary mesogenic component in these systems. The phase behavior of such mesogens can vary significantly from that of their nonassociating analogues. The temperature range over which the mesophases are stable can be greatly enhanced by association between the molecules. In certain cases the liquid crystalline behavior can be traced directly to the association: molecules which have a blocked association site may be nonmesogenic, while the same entity without the association inhibitor exhibits mesophases. For instance, 4-n-butoxybenzoic acid exhibits stable liquid crystalline phases, but the replacement of the acidic proton by an alkyl group prevents hydrogen bonding and the molecule is no longer mesogenic; 4, 5 clearly the association drives the liquid crystalline behavior in this case. It is quite surprising that the induction of mesophases by hydrogen bonding was overlooked for so many years since the early studies on benzoic acid derivatives. The full potential of hydrogen bonded liquid crystals was not realized until the recent work of Kato, Fréchet and co-workers [6] [7] [8] [9] with derivatives of benzoic acid and pyridine. Mixtures of hydrogen bonding mesogens can have a phase behavior which neither pure component exhibit: for example, Kato et al. 9 describe how a 2:1 ͑molar ratio͒ mixture of 4-ethoxybenzoic acid and 4,4'-bipyridine, both of which are nonmesogenic, has a stable nematic ͑N͒ phase in the temperature range Tϭ150-169°C. In this case, two acid molecules bind to either end of the bipyridine molecule, resulting in a hydrogen bonded aggregate which has a larger aspect ratio than its constituent molecules and, as such, is able to support a nematic phase. The formation of dimers is often cited as the major reason for much of the interesting behavior and properties of liquid crystals. Fascinating reentrant phenomena, in which less ordered phases reappear as the temperature is lowered ͑or the pressure increased͒, are often explained in terms of some type of association. 10 Similarly, certain mesophases have a structure which can be directly traced to association: the primary examples are the bilayer smectic-A 2 ͑SmA 2 ) phases, which like ordinary smectic-A ͑SmA͒ phases have orientational order and one dimensional positional order, but now the layers alternate ͑ABAB•••͒ due, at least in part, to the association of the molecules ͑see Ref. 11 and references therein͒. The unique behavior of associating mesogens may be responsible for new phases with unusual properties. The working temperatures and pressures of such liquid crystals are easier to vary than for the simpler monomeric mesogens; this stems from the ability to control the strength of the association by the inclusion of electron withdrawing or donating groups, or of groups which sterically hinder the binding sites. The selectivity of such bonding sites makes this type of mesogen very important industrially. As a consequence of all these factors, this area of liquid crystalline technology is now among the most active.
The liquid crystalline phase behavior of dimerizing mesogens is readily rationalized. It is well established that the most important feature of mesogenic molecules is the rigid, non-spherical core. A rod-like mesogen with a bonding site can double its 'effective' aspect ratio by dimerizing; this increased elongation enhances its propensity to form mesophases. How the ordering transition affects the degree of association is a further interesting question. We will see from both theory and simulation that there is a discontinuous increase in bonding at the transition from the isotropic ͑I͒ fluid to the liquid crystal. It is well known that the density of the I-N phase transition decreases approximately linearly as the elongation of the molecule increases, while the density of the N-SmA phase transition is almost constant ͑e.g., see Refs. 12 and 13 for hard spherocylinders͒. The I-N transition is weakly first order, and remains so as the elongation increases; the density jump at the transition varies little. On the other hand, the biphasic region of the N-SmA transition tapers at higher elongations and is expected to be continuous at L/Dϭϱ, if not before. 14, 13 Thus the first-order character of the N-SmA transition should dwindle as the length of the molecule increases. The nematic phase is expected to be stabilized by the dimerization ͑e.g., see Ref. 15͒, but the effect on the smectic phase is more subtle. The increase in the effective molecular length upon association would be expected to expedite the N-SmA transition. However, partial dimerization may interrupt the required layering, i.e., the different lengths of the monomers and dimers prevent efficient packing within the smectic layers. 16, 17 All of the these effects will be most notable when the degree of association becomes significant near the liquid crystalline transitions. If the bonding is very strong, the molecules will all dimerize in the liquid phase and the transitions will be approximately the same as those shown by a mesogen of twice the length. On the other hand if the bonding is so weak that it only becomes significant at very low temperatures ͑or very high densities͒, the phase transitions will correspond to those for the simple monomers. The intermolecular potentials can be carefully tailored so as to bring about association at appropriate temperatures and pressures.
In this study we examine the qualitative features of the phase diagram for associating mesogens. The model molecule is a hard spherocylinder ͑comprising a cylindrical core of length L capped at each end by hemispheres with diameter D) with a square-well bonding site embedded in one of the hemispherical end caps at a distance r d from the center of the hemisphere to the surface along the molecular axis ͑see Figure 1͒ . The bonding sites mediate the association to the dimerized species; when two of the bonding sites come within the range r c there is a square-well site-site interaction of strength ͑well depth͒ Ϫ sw . The phase behavior of this associating molecule will be compared to that of the nonassociating hard-spherocylinder reference system. 12 In particular, we study the effect of the strong, short-range, directional bonding interactions on the pressure, density and nematic order parameter S at the phase transitions. A recent Onsagerlike theory of the I-N transition for associating long rods 15 is modified to include higher virial coefficients, and therefore its range of applicability is extended to shorter aspect ratios. The theory will be seen to reproduce the general features of dimerizing mesogens, but the potential model ͑hard spherocylinder with a bonding site͒ is too crude to make quantitative comparison with experimental data meaningful. To determine the adequacy of the theory we have performed isothermal-isobaric Monte Carlo ͑MC-NPT) simulations of hard spherocylinders with a bonding site. For the system examined here the bonding is not saturable, but the formation of trimers ͑and larger aggregates͒ is found to be extremely rare (р0.1%). The range of the site-site interaction and its strength are specifically chosen so that the degree of dimerization becomes significant at densities close to the I-N phase transition. Two aspect ratios have been studied: L/Dϭ3 and L/Dϭ5. Hard spherocylinders with L/Dϭ5 are mesogenic even without association sites, and exhibit nematic and smectic-A phases. 18, 12, 13 The shorter L/Dϭ3 molecules are nonmesogenic, although it is only necessary to increase the aspect ratio to L/Dϭ3.2 to stabilize the smectic phase. 12, 13 With this in mind, it is hoped that the dimerization will provide the driving force to make the system of less elongated molecules (L/Dϭ3) mesogenic. We are particularly interested in the location of the phase transitions of these systems and which mesophases such models can stabilize.
We shall first discuss the details of our Onsager type theory for associating hard spherocylinders, where the higher body terms are taken into account via a Parsons type scaling, and then give brief account of the Monte Carlo simulation technique. Finally, we discuss our results and consider the physical behavior underlying the phase behavior.
II. THEORY
The first theory of elongated molecules in the nematic phase was that of Onsager, 19 who demonstrated that a fluid of long cylindrical rods forms a nematic phase in which there is orientational but no positional order. He did this on the basis of a virial expansion truncated at the level of the second virial coefficient, having shown that for very long rods the contribution of the third and higher virial coefficient is unimportant. However, the free energy in the nematic phase is still a functional of the orientational distribution of the cylinders. Onsager overcame this difficulty by means of a trial function. In modern developments of the theory, the higher virial coefficients have been incorporated in an approximate way and the restriction of using a specific trial function has been removed; these developments have been reviewed by Vroege and Lekkerkerker. 20 In a completely different context, Wertheim 21 has reformulated the statistical thermodynamics of associating fluids to provide a particularly convenient formalism for such systems. The effect of association on the properties of associating molecules in isotropic fluid phases has been studied extensively with the Wertheim approach ͑e.g., see Refs. 22, 23, and references therein͒. More recently, the Wertheim and Onsager approaches were combined to examine the I-N liquid-crystalline phase transition of highly anisotropic associating molecules: 15 in this simple theory, the Wertheim formalism was used to determine the contribution to the free energy due to dimerization, and the excluded volume interactions and nematic ordering were treated following Onsager's ideas. 19, 24 Unsurprisingly, the dimerization enhances the stability of the nematic phase relative to the isotropic liquid of dimerizing hard spherocylinders. The degree of association is also seen to be enhanced by the orientational ordering in the nematic phase. More interestingly, a type of re-entrant nematic phase is observed. In order to make more quantitative predictions with this theory for systems of dimerizing hard spherocylinders, the theory has to be extended to include higher-body contributions.
Before we describe details of our approach it is important to acknowledge other theoretical work in the area of associating liquid crystals. Veytsman 25, 26 has also used the Onsager free energy functional as a starting point, but has included the contribution due to association in terms of an appropriate equilibrium constant described at the mean-field level; the resulting free energy is very similar to that obtained in Ref. 15 by combining the Wertheim 21 theory of association with the Onsager free energy. Veytsman 25 has shown that a stable nematic phase can be induced in a system of nonmesogenic spherical molecules which can associate to form long linear aggregates. In the case of associating rodlike molecules, 26 the main result is the expected stabilization of the liquid crystalline phases due to association, and a reentrant nematic region is again observed. The effect of chemical equilibria on the phase behavior of mesogenic molecules which exhibit nematic and smectic-A phases has been examined by Ferrarini et al.; 27 a molecular field approach was used in which the association was treated in terms of an equilibrium constant at the ideal mixture level. As in the earlier studies, re-entrant phase behavior was found to be a characteristic feature of the dimerizing systems. The effect of dimerization on liquid crystalline phase behavior has also been studied in the context of both smectic-A and columnar phases for systems of dimerizing aligned cylinders. 16 In this case, however, the dimerization was treated following the approach of Olaussen and Stell, 28 where the properties of the associating system are related to those of a nonequilibrium mixture of monomers and dimers using the laws of chemical equilibria. A bifurcation analysis was undertaken to find the point of instability of the nematic with respect to smectic-A and columnar phases. The smectic-A was shown to be postponed to higher densities by the dimerization ͑the dimers disrupt the smectic layers͒, but the columnar ordering is not affected significantly. The phase behavior of the dimerizing system was found to be strongly temperature dependent, and a re-entrant nematic phase was observed over a small range of pressures. A similar approach was used to examine a binary mixture of dimerizing aligned cylinders, and an 'island' of nematic stability surrounded by a smectic phase was found. 29 In a related area, self-assembling lyotropic systems have also been studied using the Onsager, 30 lattice 31-33 or scaled particle theories 34, 35 with a phenomenological description of aggregate assembly.
In our earlier theory of associating hard spherocylinders, the free energy was truncated at the level of the second virial coefficient. 15 Although this is satisfactory for very long cylinders, the simulations are performed for molecules with aspect ratios of L/Dϭ3 and 5 which are far too short for an accurate treatment with a free energy truncated at the level of second virial coefficient. Here, we use a simple Parsons type scaling 36, 37, 12 to approximate the higher-body virial coefficients. With this scaling the free energy functional ͓Equation ͑1͒ of Ref. 15͔ becomes A kT
Here, T is the temperature, k is Boltzmann's constant, ⌳ is the de Broglie wavelength, (1) is the total number density of molecules at coordinates (1) ͑where (1) denotes the position and orientation of a molecule͒, 0 (1) is the number density of free molecules or monomers at (1), and ϭNv sc /V is packing fraction of the system ͑where N is the number of particles, v sc ϭD 3 /6ϩLD 2 /4 is the volume of the hard spherocylinder, and V is the volume of the system͒. The Mayer f function for a hard-core spherocylinder is f sc , and F is defined by
where f hb (12) is the Mayer f function of the site-site interaction. The first term in Equation ͑1͒ is the ideal contribution to the free energy of the dimerizing system ͑which incorporates the contribution due to the orientational entropy͒, the second represents the entropic contribution due to the excluded volume of the hard cores, and the last term represents the contribution due to the association of the molecules into dimers. The excluded volume contribution is scaled with the density integral of the contact value g hs (1;) of the radial distribution function of an equivalent hard-sphere system in order to approximate the higher-body terms. A similar approach is used for the contribution to the free energy due to association ͓last term in Equation ͑1͔͒ ; this is equivalent to the approximation made in the first-order perturbation theory ͑TPT1͒ of Wertheim, 21 where the radial distribution function of a hard-sphere reference is used to describe the structure of the system.
The excess free energy of a hard-sphere system is related to the g hs ( 
where P is the pressure, and the packing fraction of the equivalent hard-sphere system is the same as that of the hard spherocylinders. At equilibrium the free energy is at a minimum with respect to variations in the number of monomers and the orientational distributions of both the monomers and the bonded molecules. From a variation of the free energy in 0 (1) we have
which is simply an equation of mass action; this is essentially the TPT1 approximation of Wertheim, where the pair distribution function of the dimerizing hard spherocylinder has been approximated by that of the reference hard-sphere system, and assumed to be constant ͓and equal to the contact value g hs (1;)] over the range of the site-site interactions. 40 For a homogeneous nematic phase the number densities are functions of the orientation ⍀, but not of the position, and hence
where ϭN/V is the total number density and 0 ϭN 0 /V is the number density of monomers N 0 being the number of monomers, respectively͒. The nematic phase has cylindrical symmetry and the singlet orientational distribution functions f () and f 0 () depend only on the angle between the molecular axis and the preferred direction ͑nematic director͒. 19 These functions are the probabilities of finding a molecule at a specific orientation and as such are normalized to unity. After expressing Equation ͑1͒ in terms of the orientational distribution functions and performing the trivial integrations, the free energy of our dimerizing hard spherocylinders can be written as
where r 12 is the vector between the centers of mass of the two hard spherocylinders at (1) and (2) . ⍀ 1 and ⍀ 2 are the angular parts of coordinates (1) and (2), respectively. When F(12)ϭ0 there is no dimerization ͑i.e., 0 ϭ), and the free energy reduces to that of Parsons, 36, 37 which has been shown to be very accurate in describing the I-N transition in systems of relatively short hard spherocylinders. 12 If the integration over r 12 is performed for the excluded volume integral, we have 20
where v exc (⍀ 1 ,⍀ 2 )ϭϪ␤ 1 (⍀ 1 ,⍀ 2 ) is the volume denied to a hard spherocylinder of orientation (⍀ 1 ) by a hard spherocylinder of orientation (⍀ 2 ), and is given by
Here, ␥ is the angle between the principal axes of the two hard spherocylinders. 19, 20 Note that only the first term depends on the orientations of the two molecules.
Analytical expression for the various integrals can be obtained if the orientational distribution functions are approximated by one-parameter trial functions of the type used by Onsager:
When these trial functions are substituted into Equation ͑10͒
for the excluded volume integral, the integration may be performed to give
where v m ϭLD 2 ϩ(2/3)D 3 is four times the volume of a hard spherocylinder and I 2 is a modified Bessel function ͑which can be evaluated numerically 41 ͒. After using the Onsager trial function the orientational entropy term, the third term of Equation ͑9͒, is simply given by
The association integral, the last term in Equation ͑9͒, can also be simplified. In the case of short range bonding sites, the function F (12) is nonzero only if the two hard spherocylinders are nearly parallel. If we neglect the variation of f 0 over the volume in which the sites on the two hard spherocylinders overlap and approximate it by its value with the molecules parallel, the integral becomes
The bonding volume of overlap of two sites is denoted as K, 40 and Fϭexp(␤ sw )Ϫ1 is the value of F(12) when it is nonzero, i.e., when the two molecules bond. This sort of approximation has been shown to be excellent for associating hard spheres, where the assumption that the pair distribution function is constant over the bonding volume introduces very little error. 40 For our nonspherical molecules in a highly ordered nematic phase, however, f 0 will vary very rapidly near ϭ0 so the error introduced may be somewhat larger.
In our free energy of the dimerizing system we use expressions ͑14͒ and ͑15͒ without including the terms of order e Ϫ␣ ; this will introduce only a small error as ␣տ10 in the nematic phase, and ␣/2Ͻ␣ 0 Ͻ␣ lies between ␣ and ␣/2. By neglecting these terms of order e Ϫ␣ , expressions ͑14͒ and ͑15͒, without the pair distribution function scaling factor, are exactly the same as those of the previous paper 15 where the Gaussian trial function of Odijk 24 was used. Thus, the final expression for the free energy in the nematic phase is
The only changes to the free energy of Ref. 15 are, therefore, the retention of the parts of the second virial coefficient beyond the leading L 2 D term, the Parsons-like scaling of the excluded volume term and the association integral, and the improved treatment of the excluded volume integral ͑10͒ using Onsager's trial function. The excluded volume integral ͑10͒ evaluated using Onsager's trial function ͑13͒ differs from the result using the Gaussian trial function 15 It is useful to rewrite our free energy for the nematic phase in terms of the fraction of molecules that exist as monomers, Xϭ 0 /:
At a given density and temperature, the free energy can thus be expressed as a function of X, ␣, and ␣ 0 . These three parameters may be determined by the conditions that the free energy ͑17͒ is an extremum with respect to variations in X, ␣, and ␣ 0 ͑see Ref. 15͒. The intermolecular potential parameters for the site-site interaction are contained in K and F. The free energy in the isotropic phase is
and the corresponding mass-action equation is
By substituting the number of dimers ͑last term in the latter expression͒ back into the free energy ͑18͒, we obtain
where the ideal contribution to the free energy is
the contribution to the free energy of the reference hardspherocylinder system is
and the contribution to the free energy due to the dimerization is
This expression is of exactly the same form as for a fluid of associating hard spheres. 40 As we mentioned earlier the values of X, ␣, and ␣ 0 are obtained for a fixed T and by equating the derivatives of the free energy with respect to each variable to zero. The expressions for X and ␣ are used to obtain a relation solely in terms of ␣ 0 which can be solved numerically. 41 Once the values of X, ␣, and ␣ 0 corresponding to the minimum in the free energy are obtained, the pressure and chemical potential follow from the usual thermodynamic relations:
for the pressure, and
for the chemical potential. The I-N phase transition is obtained by ensuring that the pressure and chemical potential of the isotropic and nematic phases are equal ͑a numerical minimization technique is employed 41 ͒. The nematic order parameter S can be calculated once the value of ␣, and hence f (), is known from the orientational average of the second Legendre polynomial P 2 (cos) weighted by f ():
͑26͒
This order parameter is useful in characterizing the extent of ordering of the liquid crystalline phase: Sϭ0 represents an isotropic phase, and Sϭ1 a phase with perfect orientational order. The use of the Onsager trial function, however, is expected to result on an overestimate of the nematic order parameter at the I-N transition, 15 although the description will be adequate deep in the nematic region where the parameter saturates.
Finally, it is important to address the expected adequacy of the theory in describing the I-N transition in our systems of dimerizing hard spherocylinders. For long molecules, Equations ͑17͒ and ͑18͒ have the correct low-temperature limit, 15 but for short molecules ͑where the excluded volume ͑11͒ no longer scales as L 2 D) this is not so. Thus our theory will be less accurate for short molecules. A dimer of two short hard spherocylinders of length L will behave rather like a single hard spherocylinder of length 2LϩD, but Equation ͑17͒ yields an isotropic-nematic transition for associating hard spherocylinders of length L in the low-temperature limit which is considerably higher in density than that of molecules of length 2LϩD. We expect that our theory will therefore overestimate the transition densities at low temperatures. The accuracy of the treatment of the association graph is problematic in a highly ordered phase; the assumption of ͑15͒ relies on the energy of association varying more rapidly with than f 0 (). For the sharply peaked f 0 () of a highly ordered phase, ͑15͒ will overestimate the association graph. Of course, the error introduced depends on the range of angles over which bonding takes place: if this range is very small the error will also be small.
III. SIMULATION TECHNIQUE
In this paper, we determine the adequacy of the theory outlined in the previous section by appropriate comparisons with new computer simulation data for dimerizing hard spherocylinders. The effect of dimerization is also examined by comparing the results for the system of dimerizing molecules with those for its nondimerizing counterpart ͑hard spherocylinders͒. We perform extensive Monte Carlo simulations in the isothermal-isobaric NPT ensemble, where full isotherms are obtained by compression of the systems from the low-density isotropic fluid.
Since we use the system of nondimerizing hard spherocylinders with L/Dϭ3 and 5 as a reference, we simulate the same number of dimerizing hard spherocylinders as in the previous work:
12 Nϭ1080 for L/Dϭ3 and Nϭ1020 for L/Dϭ5. The majority of particles are expected ͑at least at high density͒ to exist as dimers; it is therefore necessary to use large systems so that the periodic boundary conditions employed in the simulation do not allow such dimers to interact with themselves. As before the geometry is chosen to be as near cubic as possible: for the two systems examined here, the longest side is no more than 3% longer than the shortest side. 12 The specification of the systems ͑size and box shape͒ is thus identical to that of the nondimerizing system, and differences between the two sets of results can be attributed directly to the dimerization mediated by the inclusion of the bonding site. Standard periodic boundary conditions are employed, 42 together with Verlet 43 neighbor lists to speed up the calculation of the intermolecular interactions.
The molecules are initially arranged in a perfectly aligned face-centered cubic ͑FCC͒ or hexagonally close packed, ͑HCP͒ lattice, 12 and the sites are placed on random ends of the molecules. This state is instantaneously expanded to ϳ25% of close packing, to generate an isotropic liquid density. In our isothermal-isobaric Monte Carlo ͑MC-NPT) simulations, dimerizing hard spherocylinders, 42 the normal canonical Monte Carlo ͑MC-NVT) displacement/ reorientation moves of Metropolis et al. 44 are supplemented by random changes in the volume of the box, following the method of Wood 45 ͑see Ref. 12 for further details͒. The maximum particle displacement and reorientation is adjusted to give an overall acceptance rate of between 30% and 40%. A similar acceptance rate is maintained for the volume changes. We also allow the molecule to flip through 180°to efficiently sample phase space; the hard core remains unchanged but bonds may be broken or formed. At the moderately high densities of the liquid crystalline phases, the rota-tion of a molecule by normal Monte Carlo moves is very slow due to the tight packing of the particles, and the flips greatly facilitate the equilibration of the system. After the system equilibrates the averages are accumulated without any flips, which are used only to speed up equilibration. These moves are accepted or rejected in the same way as ordinary displacement/reorientation moves. Equilibration is achieved over ϳ5ϫ10
5 Monte Carlo cycles, where a cycle consists of N displacement/reorientation attempts, about five flip attempts, and one attempted volume change. The average values of the thermodynamic and structural properties are obtained over a further 1 -2ϫ10 5 cycles. These are extremely long simulations, because the nematic order parameter S, the fraction of monomers X, and to a lesser extent the packing fraction are seen to have exceptionally long equilibration times, particularly near the phase transitions.
A full isotherm is obtained by increasing the reduced pressure P*ϭ Pv sc /(kT) in a stepwise manner from values corresponding to the isotropic liquid phase. Since the pressure is set in an MC-NPT simulation, the equation of state is obtained directly from the average of the volume V or packing fraction . After each increment, the packing fraction is allowed to equilibrate before the pressure is once again increased. By allowing the volume to fluctuate in this manner, we avoid constraining the system to, while still allowing the sampling of, metastable regions of phase space, i.e., inside the first-order coexistence region at phase transitions. The system can thus be compressed from the isotropic liquid, through the various liquid crystalline transitions, to the crystal. While the theory is unable to account for spatially inhomogeneous liquid crystalline phases ͑e.g., layered smectic-A phases͒, there is no such restriction with the simulations.
Most liquid crystalline phase transitions are weakly first order and as such show considerable pre-transitional ordering. In order to make unequivocal assignments of the phases observed we determine the nematic order parameter and a number of singlet and pair distribution functions. The nematic order parameter can be obtained from the configurational average of
where P 2 (cos i )ϭ(3 cos 2 i Ϫ1)/2, i is the angle between the director n ͑characterizing the nematic phase͒ and the principal molecular axis of particle i, and the sum is over all particles. However, as the director is not usually known, S is normally evaluated from the appropriate ordering matrix. 46, 47 It is reasonable to believe that the association will encourage alignment, and that in turn the alignment will promote association. In order to determine the degree of dimerization during the simulations, the number of bonds is counted at each step; a bond is formed from the overlap of two square-well sites. Both the fraction of monomers X and the nematic order parameter S are expected to show discontinuities at the I-N transition, and can be used to help locate the transitions. Appropriate histograms for the various useful distribution functions 46, 48 are accumulated during the simulation to assist in determining the phase. The single particle orientational distribution function f () is calculated to provide a detailed indication of the orientational order. The usual orientationally averaged center of mass-center of mass pair radial distribution function g(r)ϭg 000 is determined, together with the orientational pair radial distribution functions g L (r)ϭg L0L (r)/g 000 (r)ϭ͗ P L (cos ij (r))͘, where the standard notation for the indices of the spherical harmonic expansion of the full pair distribution function in Legendre polynomials is used, i j is the angle between the directions of the molecular axes of molecules i and j a distance r apart, and P L is the Legendre polynomial of degree L. The orientational pair radial distribution functions describe the decay of the angular correlations with the radial distance, and can thus be used to quantify the order of a phase: g 2 (r) decays to zero with the intermolecular separation in the isotropic liquid, while it exhibits the limiting value of lim r→ϱ g 2 (r)ϭS 2 in the nematic phase. The presence of positional order, e.g., in smectic and columnar phases, is quantified in terms of g ʈ (r ʈ ) and g Ќ (r Ќ ) which are the pair distribution function for projections of the distance parallel r ʈ and perpendicular r Ќ to the director, respectively. The function g ʈ (r ʈ ) will exhibit a periodic wave for a layered smectic phase; the distinction between a smectic-A and a smectic-B ͑with additional hexagonal ordering within the layers͒ can be made with g Ќ (r Ќ ). Finally, direct visualization of snapshots for representative configurations is made to examine the structure; this is especially useful close to phase transitions where local ordering can be seen.
The parameters of the site-site bonding interaction have to be assigned for our model dimerizing hard spherocylinders. The bonding volume K is taken to be equal in both the theoretical and simulation studies. In the theory a particular geometry of the bonding site is not assumed, whereas in the simulation study the site must be carefully defined. It has been shown 40 that the association is not particularly sensitive to the precise details of the geometry of the associating site, as long as it corresponds to the same integrated bonding volume ͑and, of course, the well depth͒. For simplicity, we use a simple square-well site embedded within one of the hemispherical caps, half-way between the center of the hemisphere and its surface along the principal molecular axis ͑i.e., r d ϭD/4). An appropriate value for the range of the squarewell interaction ͑radius of the site͒ is r c ϭ0.5742D. These values of r c and r d correspond to the bonding volume of Kϭ1.886ϫ10 Ϫ3 D 3 . At present only one isotherm has been simulated, i.e., a reduced temperature of T*(ϭkT/)ϭ0.1429. This temperature corresponds to a well depth of ϭ7kT, which means that the bonds formed will be relatively strong ͑much like real hydrogen bonds͒. However, since the formation of bonds is entropically unfavorable, this high bonding energy is required before the degree of association becomes significant. In addition to the delicate balance between the orientational and translational entropy that leads to the I-N transition in purely repulsive systems, there is also an energetic contribution to the free energy which inevitably influences the location and nature of the liquid crystalline phases. In the next section we show that the temperature T*ϭ0.1429 corresponds to the region of phase space where the theory predicts that the bonding site will have the most effect, at least for this value of the bonding volume. At lower temperatures the system will almost exclusively comprise dimers, while for higher temperatures the bonding will not be significant unless the density is considerably higher than the region in which the liquid crystalline transitions are expected. This is also the region in temperature where the theory is most likely to fail ͑particularly for the degree of association͒, so that comparisons with simulation data at this temperature constitute the most stringent test of our theory. Our primary interest is in the effect of dimerization on the phase behavior, particularly the I-N and N-SmA transitions. The particular bonding site parameters chosen in this study allow aggregates larger than dimers to form, although they are found to be rare. At the highest densities attained, there is, on average, less than one trimer existing at any time.
It is important to acknowledge that for high-density ordered phases such as the smectic-A and crystalline states the most appropriate simulation method is the constant-stress or variable-shape Monte Carlo ͑VSMC͒ technique which allows the shape of the box to vary to properly accommodate the molecular layers. In the case of the large systems of hard spherocylinders, such as those studied here, the differences between the results of the VSMC 49, 18 and constant shape 12 simulations for the liquid crystalline states are small. Furthermore, we are primarily interested in the region close to the I-N transition where the VSMC technique is less adequate, and can lead to highly anisotropic box shapes. It is felt that the use of the constant shape Monte Carlo technique would only lead to problems for the highest density smectic states studied. As we have already mentioned, we use the same system sizes here as were used earlier for the hard spherocylinders 12 so that direct comparisons can be made. This could lead to problems at high density. For a highly dimerized L/Dϭ5 system at a high packing fraction ͑e.g., ϭ0.472), the box is slightly too small to accommodate two dimers each of which have a maximum length of (L/Dϩ1)ϫ2ϭ12. In the case of a smectic-A phase with the director parallel to a box edge, this means that less than four layers of monomers can be accommodated and that a dimer may interact with a neighboring dimer and its image. In most instances, however, the smectic layers are not parallel to the box edge, and the director points along the box diagonal with large fluctuations in its orientation. This effectively means that the periodic length will be at least four molecular lengths for all of the states examined, and we are confident that system size and box shape effects are minimal in our simulations. In the case of very high density smectic-A states, however, there may still be a problem especially if the stable state is a bilayer smectic-A 2 phase.
IV. RESULTS AND DISCUSSION
Simulation results for the nondimerizing hard spherocylinders with a range of aspect ratios have recently been reported, 12 together with a global phase diagram for aspect ratios 3ϽL/DϽ5 ͑also see Ref. 13͒ . Two large systems were studied in some detail: L/Dϭ3 and L/Dϭ5. For systems of the shorter molecules (L/Dϭ3), the only stable phases are found to be the isotropic fluid and the crystalline solid, whereas the system of longer molecule (L/Dϭ5) exhibits nematic and smectic-A liquid crystalline phases. The isotropic liquid phase of the L/Dϭ5 hard-spherocylinder system is stable up to a density of I ϳ0.407 (S I ϳ0.215)
where the system undergoes a weak first-order phase transition to a nematic liquid crystalline phase of density N ϳ0.415 (S N ϳ0.471) at a pressure of P I-N * ϳ5.30; a small amount of pretransitional ordering is seen in the coexisting isotropic state with small clusters of ordered molecules. The nematic phase persists up to a density of N ϳ0.472
(S N ϳ0.857) where further compression causes a first-order layering transition to a smectic-A phase with a density of SmA ϳ0.487 (S SmA ϳ0.893) at a pressure of P N-SmA * ϳ6.85; again some degree of pre-transitional layering is found in the coexisting nematic phase. At higher densities there will also be a transition to a solid phase, but this will not concern us here. These results for the transition densities and pressures will be used as a yard stick for comparisons with the transitions of the dimerizing system.
The findings for the purely repulsive systems prompt two questions: Can dimerization induce liquid crystalline phases for a system of nonmesogenic molecules ͑i.e., hard spherocylinders with L/Dϭ3)? What will be the effect of dimerization on the liquid crystalline transitions for a system of mesogenic molecules ͑i.e., hard spherocylinders with L/Dϭ5)?
As we shall see, the predictions of the theory are that molecules with both of these aspect ratios are capable of supporting a nematic phase, regardless of the temperature. This is not in keeping with simulation results for the nondimerizing L/Dϭ3 system; 12 such a model corresponds to the high-temperature limit of the dimerizing hard spherocylinders. However, the high-temperature limit for the I-N transition of the L/Dϭ3 system predicted by our theory, with I ϭ0.531 (S I ϭ0, X I ϭ1) and N ϭ0.546 (S N ϭ0.731, X N ϭ1) at P I-N * ϭ13.5, corresponds to very high densities where the solid would be the stable phase. The theoretical low-temperature limit of the I-N transition for this system is I ϭ0.386 (S I ϭ0, X I ϭ0) and N ϭ0.402 (S N ϭ0.736, X N ϭ0) at P I-N * ϭ3.22. The temperature dependence of the I-N transition as predicted by the theory is shown in Figure  2 . It is clear that at high temperatures, the transition varies little with temperature; the transition densities correspond to those of simple monomers. At very low temperatures the dimer species are the most prevalent, and the transition densities are now considerably lower and are again insensitive to changes in temperature. Thus as expected the dimerization stabilizes the nematic phase relative to the isotropic fluid. It is only over a quite narrow range of temperature that the densities vary rapidly. In this region, the dimerization becomes significant for densities near the I-N transition region. A distinct widening of the biphasic region is also noticeable in this region. In the original work on dimerizing hard spherocylinders 15 the density of the nematic phase at the I-N transition went through a maximum as the temperature decreased ͑see Figure 2 of Ref. 15͒. We have repeated the calculations using Onsager's trial function, and for very long molecules we again find a bulge in the nematic density at coexistence. Since the theory incorrectly predicts the hightemperature behavior of the system of shorter molecules, it is reasonable to expect that the theory will perform better at all temperatures for the L/Dϭ5 system ͑where the hightemperature limit is an accurate representation of the transition in the nonassociating system͒. In this case the hightemperature limit for our theory leads to an I-N transition corresponding to I ϭ0.405 (S I ϭ0, X I ϭ1) and N ϭ0.430 (S N ϭ0.765, X N ϭ1) P I-N * ϭ5.65; the transition densities and pressure are in good agreement with the corresponding simulation values of I ϭ0.407, N ϭ0.415, and P I-N * ϳ5.30, 12 but the use of the Onsager trial function and the scaled second virial coefficient theory leads to an overestimate of the nematic order parameter at the transition. The theoretical lowtemperature limit for this system corresponds to I ϭ0.267 (S I ϭ0, X I ϭ0) and N ϭ0.290 (S N ϭ0.771, X N ϭ0) P I-N * ϭ1.33. The theoretical findings summarized in Figure 2 suggest that a reduced temperature of T*ϳ0.15 corresponds to the region where the dimerization will have the most effect on the I-N phase transition. As a consequence we have chosen to simulate isotherms for a temperature of T*ϭ0.1429ϭ1/7 for both aspect ratios; this corresponds to a well depth of the square-well site-site interaction of ϭ7kT, which is relatively strong. The transitions from an isotropic fluid to an ordered liquid crystalline phase determined from the simulations for the L/Dϭ3 and 5 systems for T*ϭ0.1429 are also included in Figure 2 . Surprisingly, the stable liquid crystalline state for the dimerizing L/Dϭ3 does not turn out to be the nematic phase.
We report full T*ϭ0.1429ϭ1/7 isotherms for the L/Dϭ3 and L/Dϭ5 systems. It is more convenient to present the results for the system of longer molecules first. The simulation data for the L/Dϭ5 dimerizing hard spherocylinders are given in Table I . The theoretical results and simulation data for the density dependence of the pressure are shown in Figure 3 ; the corresponding simulation data for the reference L/Dϭ5 hard-spherocylinder system 12 are also included for comparison. On compression, the isotropic liquid phase of the L/Dϭ5 dimerizing hard-spherocylinder system is stable up to a density of I ϳ0.355 (S I ϳ0.133, X I ϳ0.702) where the system undergoes a first-order phase transition to a nematic phase of density N ϳ0.397 (S N ϳ0.783, X N ϳ0.404) at a pressure of P I-N * ϳ3.57. For this set of bonding site parameters (K and ), the theoretical predictions are in excellent agreement with the simulation results for both the isotropic and nematic branches. The theory also predicts the I-N transition remarkably accurately, particularly the density: I ϭ0.347 (S I ϭ0, X I ϭ0.740) and N ϭ0.387 (S N ϭ0.867, X N ϭ0.370) at a pressure of P I-N * ϭ3.25. As anticipated the transition density and pressure are lowered significantly by the dimerization. It is also noticeable that the pressure of the isotropic phase is not significantly affected by the bonding, which is in keeping with the fact that the number of dimers remains quite low until after the I-N transition; in the absence of bonding these molecules behave like hard particles. After the molecules align, the pressure deviates markedly from that of the nonassociating system. A noteworthy feature of Figure 3 is that the I-N transition is more strongly first order for the dimerizing system than for the purely repulsive system; again the theory accurately predicts this. The location of the I-N transition from the simulation data is confirmed by the variation of the nematic order parameter S with pressure ͑see Figure 4͒ . The results for the nonassociating system are again included in this figure for comparison. The most striking feature of this figure is the exceptionally clear I-N transition for the dimerizing system. Unlike the purely repulsive system, there is no problem in assigning the top isotropic and bottom nematic states. This again underlines the point that the transition is more strongly first order for the dimerizing systems; the value of S at the transition is considerably higher than typical values for hard-core systems. A clear first-order discontinuity can also be seen for the fraction of monomers X at the I-N transition ͑see Figure 5͒ . The degree of association is predicted accurately by the theory in both the isotropic and nematic phases, as is its first-order jump at the nematic phase. The number of dimers increases when the particles align due to the high directionality of the association sites which compels the bonded molecules to lie in approximately the same direction. In the liquid crystalline phases the molecules are necessarily, appropriately oriented for bonding to occur. The widening of the biphasic region arises as a result of this increase in association at the transition. In the nematic phase, the molecules align and the fraction of monomers drops. This sudden increase in the number of dimers increases the free volume available to the system ͑more so than just the alignment of the nondimerizing system͒. The system in turn takes full advantage of this by increasing the density in order to fill this extra space. From the global phase diagram for hard spherocylinders ͑see Figure 21 of Reference 12͒ the effect cannot be traced to the system behaving as a collection of longer molecules, since the discontinuity in the density at the I-N transition is seen to remain approximately constant as the elongation increases. Such a widening of the biphasic region has been observed experimentally for mixtures of molecules of different length ͑see Ref. 50͒. This is a reasonable analogy, since at this point our system behaves like a binary mixture. In the original theory, 15 a widening of the two-phase region is observed where alignment and association coincide. This was attributed to a feedback mechanism: the alignment promotes the association, which in turn encourages the system to align. This enhanced impetous to form the aligned liquid crystalline state makes the transition more discontinuous.
The precise location of the smectic phase in the phase diagram of our dimerizing molecules is of considerable interest. Naively, the dimerization increases the overall molecular length, and should be accompanied by a stabilization of the smectic-A phase relative to the nematic phase when compared with the nonassociating systems, i.e., a reduction of the N-SmA transition densities. Studies on perfectly aligned systems have indicated, however, that the N-SmA transition is postponed to higher densities. 16 It is argued that as the monomer and dimer are of different lengths they will interfere with the natural layering of the smectic phase, thus destabilizing it with respect to the nematic phase. Indeed Stroobants 51, 52 shows that the smectic phase cannot be stabilized for some mixtures of perfectly aligned rods. In our study, the N-SmA transition should therefore be very sensitive to the degree of association: if the system is completely dimerized (Xϳ0) at the N-SmA transition we would expect it at lower densities than for the purely repulsive system, whereas if X is finite the transition may well move to higher densities. Which of the two effects ͑elongation or bidispersity͒ has the greatest impact on the N-SmA transition in our system? As the pressure is further increased, the nematic phase of the L/Dϭ5 dimerizing hard-spherocylinder system is stable up to a density of N ϳ0.465 (S N ϳ0.909, X N ϳ0.237) where there is a transition at a pressure of P NϪSmA * ϳ5.78 to a smectic-A phase with SmA ϳ0.482
(S SmA ϳ0.937, X SmA ϳ0.218) which has the characteristic periodic density wave along the director. As it stands, our Onsager-type theory does not predict the N-SmA transition. The discontinuities at the N-SmA transition are much smaller than those of the I-N transition which is in keeping with the idea that the former transition is more weakly first order ͑it may even be continuous͒ for the dimerizing than for the purely repulsive hard-spherocylinder system. A further distinction between these two systems is the jump in nematic order parameter S at the N-SmA transition. For the reference system a clear discontinuity is apparent, while for the associating system S is much higher at the phase transition and is almost saturated; accordingly, S is practically unchanged on passing through the N-SmA transition. It is well established that if the nematic phase has a high-order parameter, then the first-order nature of the N-SmA transition is reduced. The coupling between the nematic and smectic order parameters dictates the order of the transition. When these two are strongly coupled, each is reinforced at the N-SmA transition, and the transition is discontinuous. However, if S is saturated, the two cannot couple, and the transition is more weakly first order ͑or even continuous͒. When we examine
Figures 3 and 4 once more, it is clear that the first-order nature of the N-SmA transition has become weaker in the system of dimerizing hard spherocylinders. The N-SmA transition densities are, however, very similar in the dimerizing and nondimerizing systems although the transition pressure is lower for the former ͑see Table I and Figure 3͒ . Thus for this choice of parameters, the destabilization of the smectic-A phase due to the bidispersity of monomers and dimers appears to balance the effect of elongation ͑upon dimerization͒ which is expected to favor it. This is rather surprising since about 20% of the molecules are in their monomeric state at the N-SmA transition, and one might expect these to postpone the layering. We return to this point later.
In order to accurately assign the phase transitions, we calculate a number of pair and singlet distribution functions for selected state points near the I-N and N-SmA transitions. The orientational pair radial distribution function g 2 (r) is depicted in Figure 6 for isotropic, nematic and smectic-A states close to the phase transition. This function is used primarily to distinguish between isotropic and liquid crystalline phases: despite quite strong short-range correlations, the function decays to zero in an isotropic fluid phase, whereas the function decays to a finite value in a mesophase. There is a noticeable peak in g 2 (r) at a distance of r/DϳL/Dϩ1ϭ6, corresponding to the bonded neighbors which are compelled to lie approximately parallel to their associate and enhance the orientational correlations. While there are some differences between the high-density nematic and low-density smectic states, this function cannot be used to distinguish these phases. Direct evidence of the N-SmA transition can be seen in Figure 7 for g ʈ (r ʈ ), the radial pair distribution function for distances projected along the director. The density wave in the smectic-A phase is clearly visible, although the state which we label as the highest-density nematic shows considerable pre-transitional order. The N-SmA transition is practically continuous and it is very FIG. 6 . The orientational pair radial distribution function g 2 (r) for dimerizing hard spherocylinders with L/Dϭ5 for the isotherm T*ϭ0.1429. The curves correspond to the results of MC-NPT simulations for Nϭ1020 particles for the highest-density isotropic state ͑I, P*ϭ3.50), the lowestdensity nematic state ͑N͑low͒, P*ϭ3.64), the highest-density nematic state ͑N͑high͒, P*ϭ5.60), and a typical smectic-A state ͑SmA, P*ϭ7.00).
difficult to determine the precise position of the transition; the assignments of the top nematic and bottom smectic phases given in Table I are rather arbitrary. Although it is not shown, we have also computed g Ќ (r Ќ ), the radial pair distribution function for distances projected perpendicular to the director, and have found that there is no long-range positional order within our layers confirming that we have a smectic-A and not a smectic-B phase. The smectic state shown in Figure 7 has a characteristic feature in g ʈ (r ʈ ): at a distance of six diameters (r/DϳL/Dϩ1ϭ6), a sharp peak, corresponding to the bonded molecules, is superimposed on the broader peak of the smectic-A layer. We believe that this is a real effect. A snapshot of a typical configuration of the smectic-A phase is shown in Figure 8 , in which the periodic layered structure can clearly be seen. The end of the molecule which contains the bonding site is indicated. Since our molecules do not have head-tail symmetry, there is a possibility that the smectic phase may in fact be a bilayer smectic SmA 2 structure. However, the sites are equally distributed in the interlayer regions, which implies that the phase has a monolayer structure ͑see Figure 8͒ . The smectic wave shown in Figure 7 does not appear to show any indication of a bilayer phase, with only one significant wavelength along the director; g ʈ (r ʈ ) is rather noisy and ruling out the presence of a SmA 2 phase may, however, be rather premature. The monolayer nature of the smectic phase provides a rationalization for the insensitivity of the N-SmA transition density to the inclusion of bonding sites: the structure of the smectic-A phase is essentially the same as that of the purely repulsive hard-spherocylinder system which indicates that the particles, despite the high degree of association, are behaving like monomers and the densities of the N-SmA transition are unaffected.
The corresponding isotherm for dimerizing hard spherocylinders with the shorter aspect ratio of L/Dϭ3 is shown in Figure 9 ; the data are reported in detail in Table II . Molecules with this aspect ratio L/Dϭ3 are not sufficiently elongated to sustain mesophases in the purely repulsive system. The inclusion of the bonding sites which mediate the dimerization has, however, made the model mesogenic. A comparison with the nondimerizing system again demonstrates that the pressure of the isotropic phase is almost unaffected by the inclusion of the association site. The theory performs remarkably well in predicting both the isotropic branch and the transition to the liquid crystalline phase. The structure of the phase, however, now corresponds to that of the smectic-A phase, for which the theory is not designed. The occurrence of an I-SmA transition is a surprising finding since the insensitivity of the N-SmA transition of the L/Dϭ5 system to dimerization and the extension of the nematic range to lower densities suggested that the nematic phase would be the first stable liquid crystalline phase for the shorter L/Dϭ3 molecules. The more continuous nature of the phase transition is also rather surprising: systems of hard spherocylinders which exhibit an I-SmA transition invariably exhibit a wide biphasic gap. 12 The principal failure of the theory ͑other than the inherent lack of a smectic-A phase͒ is the marked first-order nature of the transition which is predicted. As for the longer molecules, it is clear that the pressures predicted by the theory for the nematic phase are very close to the simulated values for the smectic-A phase. In the case of the L/Dϭ3 dimerizing system, the theory predicts an Table II , exhibits a large amount of short range order and is very close to the I-SmA transition; the extent of pre-transitional ordering makes it difficult to unambiguously assign this phase, despite extremely long simulations.
From the high density and the relatively low values of nematic order parameter S ͑see Figure 10͒ of the transition to the smectic-A phase, it is clear that we are very close to the limit of stability of mesophases for this model. The behavior of the nematic order parameter shown in Figure 10 again indicates that the transition is only very weakly first order and that assigning the precise location of the transition will be difficult. Correspondingly, the jump in the fraction of monomers X at the I-SmA transition is small ͑see Figure 11͒ . Once again the theory provides an excellent description of the degree of dimerization in both the isotropic and LC phases. The major shortcoming in the theoretical prediction of X is, as for the density, the prediction of a wide biphasic region which clearly fails to be confirmed by simulation. Nevertheless, it should be stressed that the theory accurately predicts the position of the transition from the isotropic to the aligned phase.
In order to help us in the characterization of the various phases we have determined the appropriate distribution functions. The decay of the orientational correlations with distance is shown in Figure 12 ; as before, this function is used to distinguish between isotropic fluids and liquid crystals. It is clear from Figure 12 that there is appreciable pretransitional ordering for this system ͑cf. Figure 6͒ . The highdensity isotropic phase has considerable orientational order, even at quite large separations. As for the longer molecules, this function shows a distinct peak at r/DϳL/Dϩ1ϭ4, which again stems from associated particles being constrained to lie in the same direction. The pair radial distribution function g ʈ (r ʈ ) for distances projected along the director is shown in Figure 13 , for the same states as Figure 12 . We present the behavior of g ʈ (r ʈ ) as evidence that, for this temperature at least, the L/Dϭ3 system does not exhibit at nematic state. The lowest-density state ( P*ϭ7.00) which has long-range orientational order also displays distinct periodic positional ordering in the direction of alignment, which is indicative of a smectic phase. Although the magnitude of the density wave is weak, it is far stronger than would be expected for a nematic phase. In Figure 14 we reproduce a typical snapshot of a configuration for the P*ϭ7.00 state point, where regions of local orientational order and molecu- Figure 13 . A large cluster of molecules is aligned at right angles to the main director, and as a consequence the nematic order parameter for this state is surprisingly low. We are confident that the P*ϭ7.00 state does not correspond to a nematic phase, but rather to isotropic and smectic phases coexisting. The snapshot shown in Figure 15 is for a more typical smectic-A configuration, in which the positional ordering of the molecules into layers can clearly be seen. As for the L/Dϭ5 system, the structure is seen to be monolayered ͑smectic-A͒ and quite highly ordered although the layering is not quite as strong as is usually observed in the smectic phases of such systems.
The simulation results of both the compression and expansion branches for the purely repulsive L/Dϭ3 hardspherocylinder system are included in Figure 10 . The solid ͑K͒ phase is seen to melt at a pressure only slightly higher than that of the first liquid crystalline phase for the associating system. This means that, assuming the transition to the solid phase is relatively unaffected by the bonding, the liquid crystalline phases only have a very narrow 'window' of stability at this temperature. It should be noted, however, that the estimate of the I-K transition density for nondimerizing hard spherocylinders (L/Dϭ3) is certainly lower than the actual value ͑see Figure 21 of Reference 12, and compare with the results of Reference 53͒. The range of stability of the smectic phase will thus be somewhat larger than we predict. It has not been possible to compress our dimerizing hard-spherocylinder systems into the solid phase, because of computational time limitations. The precise location of the solid phases is not our primary aim, but the effect of association on the fluid-solid transition is of interest. For the purely repulsive system, the transition to the solid phase moves to higher density as the aspect ratio of the molecule increases. 12, 13 A complicating factor in the dimerizing sys- tems is the precise positioning of the bonded molecules: in an FCC ͑or HCP͒ crystal structure, the molecules in successive layers interdigitate by a distance of 1Ϫͱ2/3ϭ0.184D The geometry of our bonding sites does not allow the interdigitated molecules to form bonds. Thus, the close-packed structures, which are the only ones possible at very high density, have an energy of zero. At low temperatures and for moderately high densities, an AAA stacking of layers without interdigitation will be favored, as in this lattice the molecules can bond. When the system is compressed at low temperatures there should be a phase transition from the AAA to the FCC ͑or HCP͒ lattice. We have made no attempt to examine this transition here as our simulation technique is not suited to such a study. Future work with the VSMC technique is planned to investigate the transitions to the solid phases in systems of dimerizing hard spherocylinders.
V. CONCLUSION
As expected the inclusion of dimerizing sites promotes liquid crystalline ordering, markedly lowering the I-N transition density and pressure ͑from that of the hardspherocylinder reference system͒. The simulation results also clearly demonstrate the less obvious prediction of the theory that the ordering encourages association. We find that an otherwise nonmesogenic system (L/Dϭ3) can be made mesogenic simply by allowing the molecules to dimerize. However, and rather surprisingly, the system is seen to align directly to a smectic-A phase. On the basis of work on perfectly aligned systems, 51, 16 it was expected that the smectic-A phase would be destabilized by the presence of particles of two lengths: the monomers and the dimers. The fact that our freely rotating system exhibits a smectic-A phase leads us to doubt the relevance of the work on aligned systems to systems of relatively short, freely rotating molecules. The difference in behavior between our freely rotating hard spherocylinders and the perfectly aligned systems 51, 16 may be due to the shorter wavelength of our smectic-A phase ͑see Figure 13͒ , or to coupling between the bonding, the orientational ordering and the smectic ordering. The high density of this I-SmA transition indicates that L/Dϭ3 is near to the limit of stability of liquid crystals for associating hard spherocylinders; the smectic phase has been shown to be the first mesophase to become stable as the length of purely repulsive hard spherocylinders is increased. 12 For L/Dϭ5 hard spherocylinders, we find that the position of the N-SmA transition is quite insensitive to the dimerization. For the nondimerizing system the density of the N-SmA transition decreases only very slowly as the molecular elongation is increased. If we view the dimers as simply longer hard spherocylinders, the transition density would not be expected to be seriously affected by the dimer- ization. The I-N transition is more first order for the dimerizing system than for the reference system; strangely enough the N-SmA transition is now very weakly first order. This is in agreement with the results for the nondimerizing system: from the global phase diagram of Ref. 12 it is clear that the N-SmA biphasic gap tapers at higher elongations, and is expected to become continuous at L/Dϭϱ. In our system, many of the molecules exist as dimers and as such have an enhanced aspect ratio; correspondingly, the transition between these phases is less strongly first order. The Parsons type scaling employed here has again proved to be an invaluable tool to incorporate the higher virial coefficients in an average way, allowing theories formulated at the Onsager second virial coefficient level ͑the long-rod limit͒ to be extended to shorter, more realistic, molecular elongations. The excellent agreement between the simulation data and the theoretical predictions demonstrates that the effect of the higher terms in the virial series is reproduced extremely well. It is hoped that the results presented here will improve the understanding of the effect of hydrogen bonding ͑or any other strong, short-range, directional association͒, on the stability of the various liquid crystalline phases, and on the corresponding phase transitions. The versatility of hydrogen bonding liquid crystals is a direct consequence of the ease in which the strength of the bonding can be controlled, leading to new materials with varied industrial applications.
